Sex chromosome gene dosage compensation is required to ensure equivalent levels of X-linked gene expression between males (46, XY) and females (46, XX). To achieve similar expression, X-chromosome inactivation (XCI) is initiated in female cells during early stages of embryogenesis. Within each cell, either the maternal or paternal X chromosome is selected for whole chromosome transcriptional silencing, which is initiated and maintained by epigenetic and chromatin conformation mechanisms. With the emergence of small-molecule epigenetic inhibitors for the treatment of disease, such as cancer, the epigenetic mechanism underlying XCI may be inadvertently targeted. Here, we test 2 small-molecule epigenetic inhibitors being used clinically, GSK126 (a histone H3 lysine 27 methyltransferase inhibitor) and suberoylanilide hydroxamic acid (a histone deacetylase inhibitor), on their effects of the inactive X (Xi) in healthy human female fibroblasts. The combination of these modifiers, at subcancer therapeutic levels, leads to the inability to detect the repressive H3K27me3 modification characteristic of XCI in the majority of the cells. Importantly, genes positioned near the X-inactivation center (Xic), where inactivation is initiated, exhibit robust expression with treatment of the inhibitors, while genes located near the distal ends of the X chromosome intriguingly exhibit significant downregulation. These results demonstrate that small-molecule epigenetic inhibitors can have profound consequences on XCI in human cells, and they underscore the importance of considering gender when developing and clinically testing small-molecule epigenetic inhibitors, in particular those that target the well-characterized mechanisms of X inactivation.
Introduction
In early human embryogenesis, X-chromosome inactivation (XCI) is initiated in female cells (46, XX) to establish equivalent levels of X-linked gene expression with male cells (46, XY).
1,2 To achieve dosage compensation, either the maternalor paternal-derived X chromosome in female cells is randomly selected for whole chromosome transcriptional silencing through epigenetic and chromatin conformation mechanisms. 3 Xist, a 19-kb long noncoding RNA, is expressed from the X-inactivation center (Xic) of the chromosome selected for inactivation. 4, 5 Xist spreads in cis to transcriptionally active regions, initiating conformational changes and creating newly accessible regions for silencing. 6 Shortly after Xist RNA accumulates, histone modifications associated with gene expression, including H3K4me2/3, H3K36 methylation, and H3 and H4 acetylation, are lost. [7] [8] [9] [10] [11] [12] Next, Xist recruits repressive epigenetic protein complexes PRC2, HBiX1, and SMCHD1, resulting in repressive epigenetic modifications on histone H3 including, K27me3 and K9me3. [13] [14] [15] The inactive X (Xi) undergoes whole chromosome heterochromatinization facilitated by heterochromatin protein 1 forming the transcriptionally inactive Barr body. 16 Although a subset of X-linked genes (approximately 15%) are known to escape inactivation, the Xi is maintained during all subsequent cell divisions. [17] [18] [19] Thus, maintenance of the epigenetic environment of the Xi is critical for dosage compensation in human female cells.
Epigenetic protein complexes are increasingly targeted in cancer treatment and currently comprise a significant number of ongoing clinical trials in drug therapy pipelines. 20 Currently, approximately 100 clinical trials testing epigenetic inhibitors are listed on clinicaltrials.gov, including classes that target DNA methyltransferases (DNMTs), histone deacetylases (HDACs), and histone methyltransferases. [20] [21] [22] [23] In addition, combinatorial strategies targeting more than 1 class of epigenetic enzyme are also being developed. 20, 24 However, many of the epigenetic inhibitors currently in clinical trials target key chromatin modifications necessary for maintaining X chromosome dosage compensation in human female cells, adding an important caveat to consider when designing epigenetic inhibitor cocktails. 21, 22, 24 Due to the nonspecific gene regulatory nature of these epigenetic modifiers, their use may result in unintended consequences for maintenance of the Xi, possibly leading to additional deleterious side effects from these drugs, specifically in female patients.
Here, we have treated healthy human female fibroblasts with an EZH2 inhibitor, GSK126 (GSK2816126), which targets the enzymatic activity of the PRC2 complex, and a Food and Drug Administration (FDA)-approved HDAC inhibitor, suberoylanilide hydroxamic acid (SAHA; also known as vorinostat and Zolinza). We chose to target EZH2 due to the tight association of its repressive epigenetic mark, H3K27me3, with Xist localization on the Xi and because EZH2 is one of the most commonly upregulated epigenetic regulators in human cancers. 25, 26 The SAHA was chosen as HDAC activity is integral to Xi gene silencing and the increasing popularity of epigenetic combinatorial treatments including at least 1 HDAC inhibitor. We observe a significant drop in H3K27me3 association with the Xi in all human female cells after treatment with GSK126 and SAHA. In addition, X-linked genes are significantly upregulated and downregulated after drug incubation, with gene regulatory impact dependent on chromosome X location. Our results indicate the importance of considering gender when developing and testing small-molecule epigenetic modulators to be used clinically, specifically those that target the wellcharacterized marks of XCI.
Material and Methods

Cell Culture and Epigenetic Inhibitor Incubations
Primary human lung fibroblasts (IMR-90; ATCC, Manassas, Virginia) were cultured in Dulbecco modified Eagle medium a supplemented with 15% fetal bovine serum, 1% penicillin/ streptomycin, and 1% L-glutamine. Cells were incubated with GSK126 (APExBIO, Houston, Texas) for 4 days and HDAC inhibitor, SAHA (Sigma-Aldrich, St Louis, Missouri) for 24 hours, or an equivalent volume of dimethyl sulfoxide as a control.
Immunoblot IMR-90s were harvested, washed, and resuspended in 100 mL of harsh lysis buffer (50 mM Tris, 300 mM NaCl, 50 mM NaF, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 mM DTT, and 1X protease inhibitors; Sigma-Aldrich) for 30 minutes on ice. Lysates were sonicated for 30 seconds (amplitude 35%, 1-second pulses) and centrifuged for 10 minutes at 4 C at maximum speed. Supernatants were collected and protein concentrations quantified. Equivalent protein was loaded and run for each sample on 4% to 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis gels for gel electrophoresis, transfer, and immunoblotting. SuperSignal West Pico (Thermo Fisher Scientific, Waltham, MA) was used for detection and imaging with the luminescent image analyzer (LAS-4000; Fujifilm, Tokyo, Japan).
Antibodies/Reagents
Rabbit polyclonal antibody against H3K27me3 (Millipore Sigma, St Louis, Missouri) was diluted 1:1000 or 1:50 for Western blot or immuno-DNA fluorescence in situ hybridization (FISH), respectively. Rabbit polyclonal antibody against acetyl-histone H3 (Millipore Sigma) was diluted 1:2000 and rabbit polyclonal antibody against histone H3 (Abcam, Cambridge, United Kingdom) was diluted 1:4000 for Western blot. Antirabbit secondary antibody (Abcam) conjugated with horseradish peroxidase was diluted 1:5000. For immuno-DNA FISH, biotin-conjugated antirabbit antibody (Thermo Fisher Scientific) was diluted 1:250 and secondary antibody antimouse biotin conjugated with fluorescein (Jackson ImmunoResearch Laboratories, West Grove, Pennsylvania) was diluted 1:250. A total of 8 mL of human chromosome X paint (MetaSystems, Heidelberg, Germany) was hybridized per 22 mm Â 22 mm coverslip.
Three-Dimensional Interphase Immuno-DNA FISH Minimal modifications include 2-hour 20% glycerol incubation step, no liquid nitrogen freezing steps, and chromosome X paints were incubated overnight. Slides were imaged on an A1R confocal microscope (Nikon, Tokyo, Japan) with 0.2 mm z-stacks and 3D images were analyzed with Image-Pro Plus software (Media Cybernetics, Rockville, Maryland).
RNA Isolation, Complementary DNA, and Quantitative Polymerase Chain Reaction IMR-90s were harvested, washed, and pelleted, followed by total RNA isolation with TRIzol (Thermo Fisher Scientific).
Complementary DNA was synthesized from RNA using the SuperScript IV First-Strand Synthesis System (Thermo Fisher Scientific) for quantitative polymerase chain reaction performed with the 480 SYBR Green 1 master reagent (Roche, Basel, Switzerland) on the LightCycler 480 (Roche). Primer bank IDs are listed in Supplemental Table 1 .
Results
GSK126 and SAHA Treatment Decreases Total H3K27me3 Levels and Increases Total Histone H3 Acetylation Levels in Human Female Fibroblasts
To identify the most effective drug combination, we first tested a range of concentrations of GSK126 (0-2 mM) and SAHA (0-15 mM) independently and in combination on total H3K27me3 and histone H3 acetylation levels in normal human female fibroblasts (IMR-90). Concentration ranges for both drugs did not exceed concentrations tested as cancer therapeutics. [22] [23] [24] GSK126 treatment revealed lowered levels of total H3K27me3 with increasing GSK126 concentrations, as previously shown, while total H3 acetylation levels were unaffected ( Figure 1A, left panels) . 23, 28 The concentration of GSK126 that exhibited the greatest level of H3K27me3 depletion was 2 mM, with a 0.7-fold reduction in H3K27me3 signal. The SAHA increased total H3K27me3 up to 1.5-fold and H3 acetylation levels up to 8-fold with increasing drug concentrations ( Figure  1A , center panels). Next, we tested the same range of SAHA concentrations in combination with 2 mM GSK126 ( Figure 1A , right panels). In all conditions, H3K27me3 levels slightly decreased by approximately 1-fold. In addition, the level in which total H3 acetylation levels begin to increase starts at 5 mM of SAHA as opposed to 1 mM on its own ( Figure 1A , center panels), while H3 acetylation levels only increase by approximately 2.5-fold in drug conditions 3, 4, and 5. From this analysis, we concluded the optimal drug combination to be 2 mM GSK126 þ 5 mM SAHA (drug combination 3), the lowest concentration of drugs which resulted in the largest decrease in H3K27me3 levels and the highest H3 acetylation levels. These drug concentrations are below the dose used for cancer intervention.
22-24
GSK126 and SAHA Disrupt the Epigenetic Environment of the Xi Chromosome
We next examined the effects of the epigenetic inhibitor cocktail specifically on the epigenetic environment of the Xi. The Xi can be visualized by the overlap of the epigenetic repressive mark H3K27me3 and the X chromosome by 3D interphase immuno-DNA FISH. Control human fibroblasts showed standard frequencies of H3K27me3 coverage of the Xi using this technique ( Figure 1B, left panels and 1C) . However, in fibroblasts incubated with 2 mM GSK126 and 5 mM SAHA, the majority of cells exhibit no evidence of H3K27me3 labeling on either X chromosome, and the remaining cells exhibit significantly decreased levels of H3K27me3 coverage of the Xi ( Figure 1B, right panels and 1C) . To determine changes in X-linked gene expression after drug incubation, quantitative PCR was performed. X-linked genes located in the most central portion of the X chromosome and proximal to the Xic demonstrate the highest levels of upregulation ( Figure 1D and E) . These genes include EIF2S3, PRRG1, TSPAN7, FOXP3, and STARD8. Interestingly, genes located near the distal ends of the X chromosome are downregulated, even though they are typically highly expressed ( Figure 1D ). Genes previously identified to escape XCI in human hybrid fibroblasts 17 show no correlation between escapee status and a particular pattern of gene regulation disruption from the epigenetic inhibitor cocktail ( Figure 1E ). These results indicate that GSK126 in combination with the FDA-approved HDAC inhibitor SAHA are capable of severely disrupting the epigenetic environment required for gene dosage compensation in human female cells resulting in misregulation of X-linked genes.
Discussion
In this study, we have demonstrated that the combination of popular epigenetic inhibitors, GSK126 and SAHA, severely disrupt the repressive epigenetic environment of the Xi in human female cells. Moreover, this treatment results in significant upregulation and downregulation of X-linked genes, leading to a loss of proper X-linked gene dosage compensation. Misregulation of X-linked genes leads to serious physiological consequences, such as increased propensity for autoimmunity in women and hematological cancer in mice. 29, 30 Surprisingly, disruption of the epigenetic repressive mark H3K27me3 of the Xi in human cells only requires targeting EZH2-mediated H3K27me3 and histone H3 acetylation. These results may be due to the effectiveness of the epigenetic inhibitors utilized. GSK126 is the most highly potent and selective EZH2 inhibitor developed thus far (0.3 nM, 150-fold selectivity against EZH1).
23 Several other EZH2 inhibitors have been generated with various levels of potency and selectivity including but not limited to DZNep, GSK343, El1, EPZ005687, EPZ-6438 (tazemetostat), and CP1-169. 31 The SAHA targets class I HDACs at various levels of potency, ranging from 21 to 1524 nM. 22 Other class I HDAC inhibitors developed for clinical interventions include but are not limited to TSA (trichostatin A), MS-275 (entinostat), MGCD0103 (mocetinostat), and FK228 (romidepsin). 22 The development of a myriad of epigenetic inhibitors creates useful tools for determining the significance and role of epigenetic mechanisms underlying initiation and maintenance of XCI.
Our results also indicate the importance of considering gender when developing and testing small-molecule epigenetic modifiers, specifically those that target well-characterized marks of X inactivation. Currently, singular administration of EZH2 inhibitors is in either stage 1 or 2 of clinical trials (http:// ClinicalTrials.gov). The SAHA (vorinostat, Zolinza) is approved by the FDA for the treatment of cutaneous T-cell lymphoma 32 and currently enrolled in 80 clinical trials for combinatorial treatment with other established chemotherapies (ClinicalTrials.gov). Testing of combinatorial epigenetic inhibitor strategies in vitro and in vivo has started to increase in popularity. The particular combination of an EZH2 inhibitor and HDAC inhibitor has only been tested thus far in vitro on human breast cancer cell lines. 24 A large proportion of studies are focused on combinations of HDAC and DNMT inhibitors. [33] [34] [35] With the large increase in novel epigenetic inhibitor . Insets show enlarged nuclei, arrows highlight location of the Xi. C, Distribution display of 3-dimensional volumetric measurements of H3K27me3 signal over total Xi signal for either DMSO or 2 mM GSK126 þ 5 mM SAHA treatment (n ¼ 130 nuclei, 65 nuclei per condition). *P < .05, **P < .01, ***P < .001, Student t test. D, Quantitative PCR analysis of X-linked genes with either DMSO treatment or 2 mM GSK126 þ 5 mM SAHA treatment. Values presented as mean (standard deviation) of 3 technical replicates. *P < .05, **P < .01, ***P < .001, Student t test. Relative expression levels of genes in DMSO-treated cells indicated under graph. E, Schematic diagram of chromosome X, with corresponding positions of X-linked genes analyzed in (D) as well as the Xist gene locus. Significantly upregulated genes (green) and significantly downregulated genes (red). zGenes identified to escape XCI in human hybrid fibroblasts, 17 and frequency of escape listed in parenthesis. DMSO, dimethyl sulfoxide; PCR, polymerase chain reaction; SAHA, suberoylanilide hydroxamic acid; XCI, X-chromosome inactivation; Xi, inactive X. development for treatment of disease, effects on XCI maintenance in human female cells should be analyzed. Also, during early stages of clinical trials, epigenetic inhibitor side effects should be delineated by gender. Finally, our work suggests that developing gender-specific interventions when utilizing epigenetic therapeutics in the treatment of disease is warranted.
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